The magnetic properties of ferromagnetic-antiferromagnetic Co-CoO core-shell nanoparticles are investigated as a function of the in-plane coverage density from 3.5% to 15%. The superparamagnetic blocking temperature, the coercivity, and the bias field radically increase with increasing coverage. This behavior cannot be attributed to the overall interactions between cores. Rather, it can be semiquantitatively understood by assuming that the shells of isolated core-shell nanoparticles have strongly degraded magnetic properties, which are rapidly recovered as nanoparticles come into contact.
Interest in ferromagnetic (FM) nanoparticles has been steadily increasing in recent years catalyzed by their rapidly expanding areas of potential application, ranging from ultrahigh density recording media to medicine [1, 2] . Below a certain critical size, FM nanoparticles become superparamagnetic above the blocking temperature, T SP B . The need for T SP B to be above room temperature constitutes the superparamagnetic limit in magnetic recording media [3] . Besides this size effect, the nanoparticle behavior is influenced by the proximity of neighboring particles. As the nanoparticle density is progressively increased, dipolar interparticle interactions lead to the appearance of collective behaviors [4, 5] , i.e., the particle moments no longer switch independently [6, 7] . Additionally, above a critical density there is a tendency for the nanoparticles to coalesce, forming larger aggregates [8, 9] .
The existence of correlated magnetic states and the occurrence of clustering are undesirable for recording. To reduce these effects, metallic nanoparticles are commonly protected by a native oxide shell. Although most of the native oxide shells of transition metals (Fe, Co, Ni) are either antiferromagnetic or ferrimagnetic, their magnetic effects on the FM metallic core have either been neglected or reported to be effective only at low temperatures [10, 11] . For example, exchange bias [12] , typical of FM-AFM coupling, has been usually observed far below room temperature [11, 13] and, close to room temperature, the shell has been traditionally claimed to constitute only a barrier against coalescence.
In the present study, core-shell nanoparticles (Co-CoO: FM-AFM) are examined for coverage densities in which dipolar interactions are not expected to dominate the magnetic behavior. The coercivity, the bias field, and the magnetic stability are drastically enhanced as the nanoparticle concentration increases. This unexpected behavior is suggested to originate from the ''recovery'' of the shell magnetic properties when the shells are no longer isolated but come into contact.
The sample growth has been described in detail in Ref. [14] . In short, Co-CoO core-shell nanoparticles, embedded in an Al 2 O 3 matrix, were prepared as pseudomultilayers. The thickness of the Al 2 O 3 matrix layers was kept at 15 nm, i.e., large enough to avoid dipolar interactions between the Co-CoO nanoparticle layers. The nanoparticles (core shell) have an average diameter coreshell core 2t shell 6 nm, with t shell 1 nm and core 4 nm. Three samples, labeled S 1 , S 2 , and S 3 , corresponding to coverage densities of 3.5%, 5.5%, and 15% in terms of ferromagnetic cores (or 8%, 13%, and 33% in terms of cores shells) were prepared by controlling the nanoparticle deposition time. A ''fully dense'' sample, which contained no Al 2 O 3 matrix layer, labeled S D , was also grown to serve as a reference.
As seen in Fig. 1 , T SP B [obtained from the maximum in m ZFC T], which is 5 K for S 1 , reaches 220 K for sample S 3 . Similarly, the coercive field, H C , and the exchange bias field, H E , of field cooled samples are much larger for sample S 3 than for S 1 [see Fig. 2 Classically, the drastic increase in T SP B and exchangebias properties would be simply attributed to interparticle dipolar interactions. As the core concentration increases from 3.5% to 15%, and the interparticle dipolar interactions develop, the present system is expected to evolve from the superparamagnetic state to the superspin glass state [6, 7] . At such particle concentrations, which are much below the percolation limit [15] , comparison with the existing literature indicates that the expected T SP B is typically below 50 K. In view of obtaining a more quantitative estimate of the expected T SP B , it is meaningful to compare the present data to those obtained for the Co-SiO 2 system by Nunes et al. [16] . These authors developed a quantitative phenomenological analysis of the magnetic behavior of nanoparticle assemblies, which is derived from the wellknown random anisotropy model [17] . Scaling their results to the particle size and densities of the present Co-CoO system leads to a predicted T SP B which increases from 5 K in S 1 to 35 K in sample S 3 . Such T SP B values are close to those derived theoretically from Monte-Carlo simulations [18] ; however, they are much weaker than the experimental T SP B values. It can thus be concluded that dipolar interactions cannot constitute the main cause for the observed increase in T SP B . Similarly, considering the extremely short-range character of exchange interactions and the fact that the cores are isolated by at least twice the shell thickness, the possible coupling of Co cores through such interactions can also be ruled out.
Since neither dipolar interactions nor exchange interactions can be invoked, we are led to consider the possible influence of the CoO shell in stabilizing the core moments. In Refs. [14, 19] we showed that the Co FM cores were stabilized by interactions with an AFM CoO matrix. In particular, the derived energy barrier, using K CoO 2:7 10 7 J=m 3 [20] , becomes E 0:17 10 ÿ2 J=m 2 [14, 19] , which under the usual assumption that E 25k B T SP B , leads to T SP B 290 K. In this analysis it is implicitly assumed that the CoO moments are fixed and not thermally activated. This is justified since, due to the very strong anisotropy of CoO, 1 nm thick CoO shells should be stable up to their Néel temperature, T N CoO 290 K (namely, K CoO V shell =25k B T N ). Consequently, core-shell coupling should stabilize the Co FM core moment for an isolated Co-CoO nanoparticle as it does for a Co nanoparticle embedded in a continuous CoO matrix [14] . This disagrees with experimental observations, suggesting that the magnetic properties of the AFM CoO shell differ from the properties of bulk CoO.
The proposed degradation of the CoO shell magnetic properties at small thickness is reminiscent to the wellknown fact that in CoO thin films the ordering temperature decreases drastically below 1 nm [21] and the CoO anisot- 
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157203-2 ropy is concomitantly reduced. Similar effects are observed in CoO nanoparticles [22, 23] . In the present case, t shell is precisely in the range where the drop in the CoO T N occurs. The value of T N constitutes an upper limit for that of T SP B (shell). Consequently the CoO shell covering an isolated Co-CoO nanoparticle cannot induce the huge increase in T SP B (core) occurring for Co nanoparticles embedded in a CoO matrix.
As the nanoparticle concentration is increased, shells may come into contact and, when this occurs, the CoO thickness is expected to be locally increased to about 2 nm [see inset in Fig. 3(a) ]. When this happens, the CoO bulk antiferromagnetic properties and thus the interfacial coupling are expected to be locally recovered. Consequently, an increase in the blocking temperature, T SP B , will occur. Note that when AFM oxide nanoparticles come into contact, the magnetic correlation is known to increase [24] . Moreover, isolated Co-CoO core-shell nanoparticles with t shell 3:2 nm have been reported to exhibit moderate exchange bias and to be stable up to 170 K, while when t shell 1 nm no exchange bias has been observed [25] .
To reach a more quantitative understanding of this effect, we assume that, for a given particle, the recovered area and the associated increase in the blocking temperature are proportional to the number of particles, n c , which are in contact with it. Denoting the recovered fraction resulting from the contact between two particles, the total recovered fraction amounts to n c with the condition n c 1. Thus, T SP B n c n c 290 K. In view of applying the model to nanoparticle assemblies, the probability that a given nanoparticle is in contact with n c other nanoparticles has been evaluated by modeling the system as a 2D random packing of hard spheres, following Philipse's model [26] . The positions of the spheres in the Philipse's model constitute sites, of which the occupancy probability p is equal to n p =N T , where n p is the experimental core shell in-plane coverage density-e.g., 0:29 10 16 particles=m 2 for S 3 -and N T is the density of available sites (taking into account that 0.84 is the maximum possible density), which amounts to 0:74 10 16 particles=m 2 for 6 nm spheres. The occupancy probability ranges from p 0:1 (S 1 ) to p 0:39 (S 3 ). Moreover, to take into account that the coverage is only partial and hence the spheres do not interfere strongly, the maximum number of nearest neighbor spheres was taken as 4, rather than 3.35 as in Philipse's model. The probability, Pn c , for a given nanoparticle to be in contact with n c (n c 0 to 4) neighboring nanoparticles is then given by simple statistics (Table I) . For S 1 (p 0:1) and S 2 (p 0:15), most of the nanoparticles are isolated. However, for S 3 (p 0:39), the number of nanoparticles with one or more neighbors becomes larger than the number of isolated particles.
In view of comparing these calculations to experimental results, a single layer sample, adequate for TEM analysis, was prepared with an expected in-plane particle density identical to S 1 Table I . However, in order to describe the blocking of the moments for such nanoparticle assemblies, the dipolar interactions created by the fraction of blocked particles on otherwise superparamagnetic particles in contact with them must be considered in addition to the pure thermal activation effects. Assuming simple dipolar interactions, the magnetic field, B block , created by a blocked particle on the n c neighboring particles, is evaluated to be 0.042 T. Considering that the particle magnetic moment amounts to 5300 B , this is equivalent to 150 K. Hence, the associated value of the parameter x in the Langevin or Brillouin function of the superparamagnetic particle is close to 1 for the present experimental conditions; consequently, the particle moment becomes substantially magnetized under the effect of this field [27] . This implies that a superparamagnetic nanoparticle in contact with a blocked one will become polarized under the effect of the dipolar field of the later one [27] (note that this is not rigorously true for T 290 K, but is of no importance for the present discussion since the highest considered blocking temperature amounts to 200 K). This polarization effect will propagate further to next neighbors, but due to incomplete magnetization it will be damped rapidly. This effect may be described as dipolar-enhanced blocking.
As it becomes clear from the experimental data, T SP B n c may be semiquantitatively explained when it is assumed that the magnetic properties are fully recovered for particles for which n c 4. This implies that 0:25. With this value, T SP B n c for a given nanoparticle amounts to 72 K, 150 K, 215 K, and 285 K for n c 1, 2, 3, and 4, respectively, (the associated T SP B values are 5 K higher). In S 3 , the moments of the 2.3% fraction of n c 4 particles freeze at 290 K. The number of particles which become polarized at 290 K under the effect of B block amounts approximately to 3:85 2:3% 8:9% [28] . Similarly, the moments of the 14.5% fraction of particles with 3 neighbors freeze at 220 K and 2 14:5% 29% [28] become magnetized at 220 K under B block . Thus, an additional 44% of the particles become blocked at this Fig. 2(a) and 2(b) ], which can be ascribed to the nanoparticles with no neighbors that should remain superparamagnetic down to low temperatures. Note that for the fully dense sample, since all the nanoparticles are surrounded by several other nanoparticles, no constriction in the loop is observed [14] . Other effects such as the scatter in T SP B , o H E , and o H C values found in the literature [11, 13, 14, 19, 25, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] could also be accounted for. Although part of the spread in results arises from the diverse core and t shell , distinctive growth methods should render dissimilar packing of the nanoparticles, which, according to the above discussion, should result in a range of values for T SP B , o H E , and o H C .
In conclusion, we have demonstrated that the magnetic properties of FM-AFM core-shell (Co-CoO) nanoparticles depend strongly on the in-plane coverage, even in the diluted regime (less than 25% coverage in terms of ferromagnetic cores). This small increase in in-plane density brings about a 40-fold, 50-fold, and 400-fold increase in T SP B , o H C , and o H E , respectively. The reported results demonstrate the essential role played by the shells in stabilizing the magnetism of core-shell nanoparticles. Actually, shell mediated interactions may hold the key for the applicability of future recording media based on single nanoparticles protected by either a native oxide [10] or artificial shells [40, 41] , due to induced correlated magnetic states.
